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We present a fully differential next-to-next-to-leading order QCD calculation of the Higgs pair
production in association with a Z boson at hadron colliders, which is important for probing the
trilinear Higgs self-coupling. The next-to-next-to-leading-order corrections enhance the next-to-
leading order total cross sections by a factor of 1.2 ∼ 1.5, depending on the collider energy, and
change the shape of next-to-leading order kinematic distributions. We discuss how to determine the
trilinear Higgs self-coupling using our results.
PACS numbers: 12.38.Bx,14.80.Bn
INTRODUCTION
The discovery of the Higgs boson at the LHC [1, 2]
is a milestone toward understanding the mechanism of
electroweak symmetry breaking. The accumulated data
indicate that it is a spin-0 and CP -even particle with
a mass of 125 GeV [3]. The couplings of this particle
with massive vector bosons and fermions have been mea-
sured to agree with the standard model (SM) expecta-
tions [4, 5]. The next step is to measure these couplings
more precisely and to probe its self-couplings, which is
mandatory to clarify the Higgs potential, and thus elec-
troweak symmetry breaking mechanism. This is one of
the main tasks of the LHC [6–20] and also a future 100
TeV hadron collider [21–26].
The trilinear Higgs self-coupling can be measured in
two ways. One is the indirect detection from its effect
on the single Higgs prductions and decays [27–33] or the
electroweak precision observables [34, 35]. The other is
the direct measurement of the Higgs pair productions
at high-energy colliders [6–18, 21–26, 36–39]. The domi-
nant production channel at a hadron collider is the gluon-
gluon fusion gg → hh process which involves a top-quark
loop. The other channels, including the vector boson fu-
sion, the vector boson associated production and the top
quark pair associated production, have relatively smaller
cross sections. However, the additional particles in the
final state make it easier to distinguish the signal and
background events. Actually, the different channels have
different characteristics, and thus are complementary to
each other and deserve discussion on the same footing.
The vector boson associated production channel, as
shown in Fig. 1, is of special interest for several reasons.
First, the final-state vector boson provides a character-
istic tag of the event so that large quantum chromody-
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FIG. 1: Sample Feynman diagrams for pp→ Zhh production.
namics (QCD) backgrounds can be suppressed. As a re-
sult, one can select the events with the Higgs boson pair
decaying to bb¯bb¯, which has the largest branching ratio,
and thus the cross section of this channel is comparable
to that of gg → hh with the Higgs boson pair decaying
to γγbb¯ [38]. Second, all the involved Higgs couplings in
this channel are not loop-induced up to next-to-leading
order (NLO) (which is the case in the gluon-gluon fusion
channel), avoiding the unknown effects of virtual heavy
particles. It is more direct and clear to interpret the cross
section as a function of the Higgs couplings. Finally, it
depends on the value of the Higgs self-coupling in a differ-
ent form, compared to the gluon-gluon fusion gg → hh
channel. In particular, it is sensitive to the Higgs self-
coupling which is larger than the SM value [36, 38].
Precise theoretical predictions of the vector boson as-
sociated Higgs pair productions are crucial for a proper
interpretation of experimental data. The total cross sec-
tions have been calculated up to next-to-next-to-leading
order (NNLO) in QCD [12]. However, after experimen-
tal cuts are imposed on the final state, it is not clear
whether the NNLO QCD corrections are the same over
the full phase space. Therefore it is desirable to pro-
vide fully differential NNLO QCD calculations. We have
presented NNLO differential cross sections of the Higgs
pair production in association with a W boson at hadron
colliders in a previous work [40]. In this Letter, we re-
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2port the first fully differential NNLO QCD calculation of
the Higgs pair production in association with a Z boson,
which is important for probing the trilinear Higgs self-
coupling at the LHC or future high-energy hadron col-
liders. In contrast to the pp → Whh process, the cross
section of pp → Zhh receives a large contribution from
the loop-induced process gg → Zhh starting from NNLO,
as shown in Fig. 1(b). This additional contribution has a
significant impact on the total and differential cross sec-
tions. Our calculation shows that the NNLO corrections
indeed change the shape of NLO kinematic distributions.
In the peak region of some differential distributions, the
NNLO corrections reach up to 80%, compared to NLO
results. Therefore, our result is an important ingredient
for extracting information on the Higgs self-couplings.
THE METHOD
We perform the (N)NLO QCD differential calculations
using the qT subtraction method [41], where qT denotes
the transverse momentum of the final-state colorless sys-
tem. This method is based on the understanding of
the cross section near the infrared divergent regions, i.e.,
qT → 0. When qT is small, the cross section can be fac-
torized as a combination of a hard function, a soft func-
tion and transverse-position dependent parton distribu-
tion functions (PDFs). The soft function and transverse-
position dependent PDFs describe the low-energy dy-
namics near the infrared divergent region, which are in-
dependent of the high-energy dynamics except for the
dependence due to collinear anomaly [42], and thus can
be considered as universal. Most of them have been ob-
tained up to NNLO, based on which a large number of
processes have been calculated at (N)NLO [41, 43–51].
In our calculation, we divide the (N)NLO cross sec-
tion into two parts by a cutoff parameter qcutT . In one
part with qT < q
cut
T , the cross section can be obtained by
expanding the transverse momentum resummation for-
mula up to NNLO 1. The other part with qT > q
cut
T is
just the NLO correction to pp→ Zhhj, which can be cal-
culated using standard NLO subtraction method, such as
the FKS [52] or the dipole subtraction [53].
Let us first discuss the part with qT < q
cut
T . We make
use of the transverse momentum resummation based on
soft-collinear effective theory (SCET) [54–56]. Since the
process of qq¯ → Zhh can be considered as a production
of an off-shell Z∗ boson and its decay to Zhh, the cross
section of qq¯ → Zhh production in the small qT region
1 Notice that the gg → Zhh channel does not depend on qcutT and
is computed apart from the qT subtraction method. As a result,
we neglect this channel in all description and discussion about
the qT subtraction method, but include its contribution in the
numerical results.
can be written as [42]
dσZhh
dq2T dydM
2
=
1
2SM2
∑
i,j=q,q¯,g
∫ 1
ζ1
dz1
z1
∫ 1
ζ2
dz2
z2
∫
dΦ3
×
(
fi/N1(ζ1/z1, µ)fj/N2(ζ2/z2, µ)Hqq¯(M,µ)
× Cqq¯←ij(z1, z2, qT ,M, µ)
)[
1 +O
(
q2T
M2
)]
, (1)
where qT , M and y are the transverse momentum, invari-
ant mass and rapidity of the Zhh system, dΦ3 the three-
body phase space, and fi/N (x, µ) the standard PDF.
The integration lower limits ζ1 and ζ2 are determined
by S,M, qT , y. The hard function Hqq¯(M,µ) contains
the contribution from hard-scale interactions and is ex-
tracted by matching the (axial) vector currents in QCD
onto effective currents built out of fields in SCET. The
two-loop results can be obtained from the hard function
of a Drell-Yan process [57]. All the qT -dependent terms
are contained in the collinear kernel [42]
Cqq¯←ij(z1, z2, qT ,M, µ) =
1
4pi
∫
d2x⊥e−ix⊥·q⊥ (2)(
x2TM
2
b20
)Fqq¯(x2T ,µ)
Iq←i(z1, L⊥, αs)Iq¯←j(z2, L⊥, αs)
with x2T = −x2⊥, b0 = 2e−γE and L⊥ = ln x
2
Tµ
2
b20
. The
function Fqq¯(x
2
T , µ) arises from the effect of collinear
anomaly [42]. The function Iq←i describes the evolution
of a parton i to q at fixed x⊥, of which the two-loop re-
sults can be found in Refs. [58, 59] . With all the NNLO
ingredients available it is straight forward to perform the
integration of qT from 0 to q
cut
T in Eq.(1).
Next, we turn to the other part of the cross section
with large qT . Due to the constraint qT > q
cut
T , there
must be at least one parton in the final state. The (N)LO
cross section of pp → Zhhj contributes to the (N)NLO
cross section of pp→ Zhh. Therefore, we need to calcu-
late only the NLO corrections to pp→ Zhhj production.
This is one of the advantages by using qT subtraction,
i.e., the present tools to perform NLO calculations can be
utilized without any substantial change. Notice that it is
even unnecessary to apply any jet algorithms in the final
state and all the infrared singularities are either regular-
ized by the cut qT > q
cut
T or cancelled between the vir-
tual and real corrections, since the constraint qT > q
cut
T
prevents the momentum of the harder parton in the fi-
nal state from being arbitrarily soft or collinear to the
initial-state momenta. The combination of phase spaces
of pp → Zhhj at NLO with large qT and pp → Zhh
at NNLO with small qT recovers the whole phase space
of pp → Zhh at NNLO. In this work, we use the modi-
fied MadGraph5 aMC@NLO [60] to calculate the (N)LO
corrections to pp→ Zhhj.
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FIG. 2: The total cross sections of pp → Zhh production at NLO (left) and NNLO (right) without contribution from loop-
induced gg fusion channel. In the bottom panels, the deviation is defined as σ(qcutT )/σ(q
cut
T = 10 GeV). The curves are drawn
using the linear interpolation method.
Combining the two parts together, we obtain the
(N)NLO QCD differential cross section of the process
pp→ Zhh
dσZhh
dΦ3dy
∣∣∣
(N)NLO
=∫ qcutT
0
dqT
dσ
(N)NLO
Zhh
dΦ3dydqT
+
∫ qmaxT
qcutT
dqT
dσ
(N)LO
Zhhj
dΦ3dydqT
, (3)
where qmaxT is fixed by the partonic center-of-mass en-
ergy and the phase space constraints. The cross section
of the loop-induced process gg → Zhh is both ultraviolet
and infrared finite, and thus there is no need to intro-
duce a new subtraction method to calculate this process.
We also use MadGraph5 aMC@NLO [60, 62] to compute
this contribution. We have compared our results with
Ref. [61] and found agreement within uncertainties.
NUMERICAL RESULTS
In the following of this paper, we present numerical re-
sults for Zhh production at the proton-proton colliders
with
√
S = 14 TeV and 100 TeV. The CT14 PDF sets [63]
and the associated strong coupling are used throughout
our calculation. In particular, we use the LO, NLO, and
NNLO PDF sets for the corresponding LO, NLO, and
NNLO calculations of the cross section, respectively. The
default factorization scale µF and renormalization scale
µR are both set equal to M to avoid possible large loga-
rithms. The scale uncertainties are estimated by varying
the default value by a factor of two up and down. The
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FIG. 3: The total cross section of pp→ Zhh production as a
function of the collision energy. The bands denote the scale
uncertainties when varying µ = µF = µR by a factor of two.
The NNLO total cross sections include the loop-induced gg
channel, and the contribution from this channel is also shown
in the upper panel individually.
SM parameters are given by
MZ = 91.1876 GeV, mh = 125 GeV, mt = 173.5 GeV,
sin2 θW = 0.222, α =
1
132.5
, λSMhhh =
m2h
2v
, (4)
where v = 246 GeV is the vacuum expectation value of
the Higgs field.
When using the qT subtraction method in Eq. (3), the
4first priority is to check that the total cross section is in-
dependent of the cut-off parameter qcutT . Figure 2 shows
the predictions from the two parts with qT < q
cut
T and
qT > q
cut
T individually, as well as their sum, at both NLO
and NNLO. Here, the loop-induced gg fusion channel is
not included in the NNLO result because it is indepen-
dent of qcutT . The two parts at NLO change dramati-
cally when varying qcutT from 2 GeV to 20 GeV, while
the NLO total correction is independent of the cut-off
parameter. At NNLO, the two parts change slightly be-
cause the O(α2s) qcutT -dependent corrections are almost
equal to the O(αs) ones, but with a relative minus sign.
In Fig. 2 the statistical uncertainties of the total cross
section are less than 0.2%. Notice that the part with
qT < q
cut
T is only accurate at the leading power of q
cut
T /M .
The power corrections are about (qcutT /M)
2 ∼ 0.04% for
the choice of qcutT = 10 GeV and a typical M ∼ 500 GeV.
In the following discussion we choose qcutT = 10 GeV. As
a cross check, we have compared the NLO cross section
of pp→ Zhh calculated by Eq.(3) with that by the stan-
dard NLO program MadGraph5 aMC@NLO and found
good agreement.
In Fig. 3, we present the total cross section at differ-
ent collision energies as well as the K-factors of higher-
order corrections. With the increasing of collision en-
ergy, the cross section increases significantly. Compared
to the leading order (LO) results, the NLO cross sec-
tions have much smaller scale uncertainties, especially
when the collision energy is large. The NLO K-factors
are around 1.26 for 14 TeV ≤ √S ≤ 100 TeV. The
NNLO corrections can enhance the NLO cross section
further by a factor of 1.2 ∼ 1.5, depending on the col-
lision energy, but have larger scale uncertainties, about
±5%. This is mainly due to the very large contribution
from the loop-induced gg → Zhh process, which is about
13% (14 TeV) ∼ 34% (100 TeV) of the NNLO total cross
section as shown in Fig. 3. In order to reduce the the-
oretical uncertainty, it is desired to include higher-order
corrections to this process, which means that one needs
to calculate two-loop Feynman diagrams of a 2→ 3 pro-
cess with three different masses. As far as we know, this
is beyond current techniques, and we leave it to future
work. By adopting the same input parameters, our cal-
culations of the total cross sections are consistent with
those in Ref.[12].
In Fig. 4, we show the transverse momentum pT distri-
butions of the leading Higgs (the one with larger trans-
verse momentum) at the 14 TeV LHC, which have not be
obtained in previous calculations. It can be seen that the
shape of the pT distribution is nearly unchanged from LO
to NLO, but at NNLO the peak region increases more
significantly than the tail region; i.e., the shape of the
kinematic distribution is changed. Similarly to the total
cross section, the NNLO corrections are very large, and
the scale uncertainties are also larger than NLO ones
because of the contribution from the loop-induced pro-
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FIG. 4: The kinematic distributions of pp→ Zhh production
at the 14 TeV LHC. h1 denotes the Higgs boson with larger
transverse momentum.
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FIG. 5: The kinematic distributions of pp→ Zhh production
at a future 100 TeV hadron collider. h1 denotes the Higgs
boson with larger transverse momentum.
cess. Figure 5 shows the same distributions at a 100 TeV
proton-proton collider. The kinematic features are the
same as Fig. 4 except for larger NNLO corrections. In
particular, the differential NNLO/NLO K-factor in the
peak region is as large as 1.8.
Regarding that a Z boson associated Higgs pair pro-
duction can be used to probe the trilinear Higgs self-
coupling, we investigate the dependence of the total cross
section on the self-coupling at a 100 TeV hadron collider
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FIG. 6: The total cross section as a function of κ at a hadron
collider with
√
S = 100 TeV.
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FIG. 7: Normalized NNLO pT distributions of the Z boson
with κ = 1 and −3.67, which correspond to the same total
cross section.
in Fig. 6, where the factor κ is defined as
λhhh = κλ
SM
hhh. (5)
It can be seen that the total cross section changes by
about −40% to +100% in the range −5 < κ < 3, com-
pared to the SM prediction, and thus provides a poten-
tial method to measure the trilinear Higgs self-coupling.
However, there are, in general, two values of κ derived
from the same total cross section. For example, the
NNLO SM total cross section corresponds to κ = 1
and κ = −3.67. Therefore, we need other observables,
e.g., the differential distributions, to ascertain this self-
coupling. Figure 7 shows the normalized NNLO trans-
verse momentum distributions of the Z boson at a 100
TeV collider with κ = 1 and κ = −3.67, respectively. The
SM prediction (κ = 1) has a larger peak but a smaller
tail compared with the case of κ = −3.67.
CONCLUSIONS
In this paper, we have presented complete NNLO QCD
predictions for the total and differential cross sections
of Zhh production at hadron colliders using the trans-
verse momentum subtraction method. The NNLO cor-
rections enhance the NLO total cross sections by a fac-
tor of 1.2 ∼ 1.5, depending on the collider energy, and
change the shape of NLO kinematic distributions. We
also investigate the sensitivities of the total and differ-
ential cross sections to the trilinear Higgs self-coupling,
and find that both of them are needed in order to fix
this self-coupling. Our precise predictions will be helpful
for the extraction of information on the Higgs trilinear
self-coupling in future experimental analyses.
Acknowledgements.—We are grateful to Jun Gao and
Hua Xing Zhu for helpful comments on our manuscript.
Most of our calculations were carried out on the T30 clus-
ter at the Physics Department of Technische Universita¨t
Mu¨nchen. HTL was supported in part by the ARC Cen-
tre of Excellence for Particle Physics at the Tera-scale
and by the DOE Early Career. JW was supported by
the BMBF project No. 05H15W0CAA. This work was
also supported in part by the National Nature Science
Foundation of China, under Grants No. 11375013.
∗ Electronic address: haitaoli@lanl.gov
† Electronic address: csli@pku.edu.cn
‡ Electronic address: j.wang@tum.de
[1] ATLAS Collaboration, G. Aad et al., Phys.Lett. B716,
1 (2012), 1207.7214.
[2] CMS Collaboration, S. Chatrchyan et al., Phys.Lett.
B716, 30 (2012), 1207.7235.
[3] CMS, V. Khachatryan et al., Phys. Rev. D92, 012004
(2015), 1411.3441.
[4] ATLAS, G. Aad et al., Phys. Lett. B726, 88 (2013),
1307.1427, [Erratum: Phys. Lett.B734,406(2014)].
[5] CMS Collaboration, CERN Report No. CMS-PAS-HIG-
14-009, 2014 (unpublished).
[6] A. Djouadi, W. Kilian, M. Muhlleitner, and P. M. Zer-
was, Eur. Phys. J. C10, 45 (1999), hep-ph/9904287.
[7] U. Baur, T. Plehn, and D. L. Rainwater, Phys. Rev.
Lett. 89, 151801 (2002), hep-ph/0206024.
[8] U. Baur, T. Plehn, and D. L. Rainwater, Phys. Rev.
D67, 033003 (2003), hep-ph/0211224.
6[9] U. Baur, T. Plehn, and D. L. Rainwater, Phys. Rev.
D69, 053004 (2004), hep-ph/0310056.
[10] M. J. Dolan, C. Englert, and M. Spannowsky, JHEP 10,
112 (2012), 1206.5001.
[11] A. Papaefstathiou, L. L. Yang, and J. Zurita, Phys. Rev.
D87, 011301 (2013), 1209.1489.
[12] J. Baglio et al., JHEP 04, 151 (2013), 1212.5581.
[13] V. Barger, L. L. Everett, C. B. Jackson, and G. Shaugh-
nessy, Phys. Lett. B728, 433 (2014), 1311.2931.
[14] A. J. Barr, M. J. Dolan, C. Englert, and M. Spannowsky,
Phys. Lett. B728, 308 (2014), 1309.6318.
[15] M. J. Dolan, C. Englert, N. Greiner, and M. Spannowsky,
Phys. Rev. Lett. 112, 101802 (2014), 1310.1084.
[16] C. Englert, F. Krauss, M. Spannowsky, and J. Thomp-
son, Phys. Lett. B743, 93 (2015), 1409.8074.
[17] T. Liu and H. Zhang, 1410.1855.
[18] D. E. Ferreira de Lima, A. Papaefstathiou, and M. Span-
nowsky, JHEP 08, 030 (2014), 1404.7139.
[19] CERN Report No. ATL-PHYS-PUB-2014-019, 2014 (un-
published).
[20] CMS Collaboration, CERN Report No. CMS-PAS-FTR-
15-002, 2015 (unpublished).
[21] W. Yao, Studies of measuring Higgs self-coupling with
HH → bb¯γγ at the future hadron colliders, in Com-
munity Summer Study 2013: Snowmass on the Missis-
sippi (CSS2013) Minneapolis, MN, USA, July 29-August
6, 2013, 2013, 1308.6302.
[22] A. J. Barr, M. J. Dolan, C. Englert, D. E. Ferreira de
Lima, and M. Spannowsky, JHEP 02, 016 (2015),
1412.7154.
[23] Q. Li, Z. Li, Q.-S. Yan, and X. Zhao, Phys. Rev. D92,
014015 (2015), 1503.07611.
[24] A. Azatov, R. Contino, G. Panico, and M. Son, Phys.
Rev. D92, 035001 (2015), 1502.00539.
[25] A. Papaefstathiou, Phys. Rev. D91, 113016 (2015),
1504.04621.
[26] X. Zhao, Q. Li, Z. Li, and Q.-S. Yan, Chin. Phys. C41,
023105 (2017), 1604.04329.
[27] M. McCullough, Phys. Rev. D90, 015001
(2014), 1312.3322, [Erratum: Phys.
Rev.D92,no.3,039903(2015)].
[28] H. Castilla-Valdez, A. Moyotl, M. A. Perez, and C. G.
Honorato, Phys. Rev. D93, 055001 (2016), 1512.03872.
[29] M. Gorbahn and U. Haisch, JHEP 10, 094 (2016),
1607.03773.
[30] G. Degrassi, P. P. Giardino, F. Maltoni, and D. Pagani,
JHEP 12, 080 (2016), 1607.04251.
[31] W. Bizon, M. Gorbahn, U. Haisch, and G. Zanderighi,
JHEP 07, 083 (2017), 1610.05771.
[32] S. Di Vita, C. Grojean, G. Panico, M. Riembau and
T. Vantalon, JHEP 09, 069 (2017), 1704.01953.
[33] F. Maltoni, D. Pagani, A. Shivaji and X. Zhao, Eur.
Phys. J. C77, 887 (2011), 1709.08649.
[34] G. Degrassi, M. Fedele, and P. P. Giardino, JHEP 04,
155 (2017), 1702.01737.
[35] G. D. Kribs, A. Maier, H. Rzehak, M. Spannowsky, and
P. Waite, Phys. Rev. D95, 093004 (2017), 1702.07678.
[36] R. Frederix et al., Phys. Lett. B732, 142 (2014),
1401.7340.
[37] Q. H. Cao, B. Yan, D. M. Zhang and H. Zhang, Phys.
Lett. B 752, 285 (2016), 1508.06512.
[38] Q.-H. Cao, Y. Liu, and B. Yan, Phys. Rev. D95, 073006
(2017), 1511.03311.
[39] Q. H. Cao, G. Li, B. Yan, D. M. Zhang and H. Zhang,
Phys. Rev. D96, 095031 (2017), 1611.09336.
[40] H. T. Li and J. Wang, Phys. Lett. B765, 265 (2017),
1607.06382.
[41] S. Catani and M. Grazzini, Phys. Rev. Lett. 98, 222002
(2007), hep-ph/0703012.
[42] T. Becher and M. Neubert, Eur. Phys. J. C71, 1665
(2011), 1007.4005.
[43] S. Catani, L. Cieri, G. Ferrera, D. de Florian, and
M. Grazzini, Phys. Rev. Lett. 103, 082001 (2009),
0903.2120.
[44] S. Catani, L. Cieri, D. de Florian, G. Ferrera, and
M. Grazzini, Phys. Rev. Lett. 108, 072001 (2012),
1110.2375.
[45] F. Cascioli et al., Phys. Lett. B735, 311 (2014),
1405.2219.
[46] G. Ferrera, M. Grazzini, and F. Tramontano, Phys. Lett.
B740, 51 (2015), 1407.4747.
[47] T. Gehrmann et al., Phys. Rev. Lett. 113, 212001 (2014),
1408.5243.
[48] J. M. Campbell, R. K. Ellis, Y. Li, and C. Williams,
JHEP 07, 148 (2016), 1603.02663.
[49] M. Grazzini, S. Kallweit, D. Rathlev, and M. Wiese-
mann, Phys. Lett. B761, 179 (2016), 1604.08576.
[50] M. Grazzini, S. Kallweit, S. Pozzorini, D. Rathlev, and
M. Wiesemann, JHEP 08, 140 (2016), 1605.02716.
[51] D. de Florian et al., JHEP 09, 151 (2016), 1606.09519.
[52] S. Frixione, Z. Kunszt and A. Signer, Nucl. Phys. B 467,
399 (1996), hep-ph/9512328.
[53] S. Catani and M. H. Seymour, Nucl. Phys. B485,
291 (1997), hep-ph/9605323, [Erratum: Nucl.
Phys.B510,503(1998)].
[54] C. W. Bauer, S. Fleming, D. Pirjol, and I. W. Stewart,
Phys.Rev. D63, 114020 (2001), hep-ph/0011336.
[55] C. W. Bauer, D. Pirjol, and I. W. Stewart, Phys.Rev.
D65, 054022 (2002), hep-ph/0109045.
[56] M. Beneke, A. Chapovsky, M. Diehl, and T. Feldmann,
Nucl.Phys. B643, 431 (2002), hep-ph/0206152.
[57] T. Becher, M. Neubert, and B. D. Pecjak, JHEP 01, 076
(2007), hep-ph/0607228.
[58] T. Gehrmann, T. Lubbert, and L. L. Yang, Phys. Rev.
Lett. 109, 242003 (2012), 1209.0682.
[59] T. Gehrmann, T. Luebbert, and L. L. Yang, JHEP 06,
155 (2014), 1403.6451.
[60] J. Alwall et al., JHEP 07, 079 (2014), 1405.0301.
[61] P. Agrawal, D. Saha, and A. Shivaji, Phys. Rev. D97,
036006 (2017), 1708.03580.
[62] V. Hirschi and O. Mattelaer, JHEP 10, 146 (2015),
1507.00020.
[63] S. Dulat et al., Phys. Rev. D93, 033006 (2016),
1506.07443.
